Telomere maintenance is a hallmark of cancer and likely to be targeted in future treatments. In glioblastoma established methods of identifying telomerase and alternative lengthening of telomeres leave a significant proportion of tumors with no defined telomere maintenance mechanism. This study investigated the composition of these tumors using RNA-Seq. Glioblastomas with an indeterminate telomere maintenance mechanism had an increased immune signature compared with alternative lengthening of telomeres and telomerase-positive tumors. Immunohistochemistry for CD163 confirmed that the majority (80%) of tumors with an indeterminate telomere maintenance mechanism had a high presence of tumor-associated macrophages. The RNA-Seq and immunostaining data separated tumors with no defined telomere maintenance mechanism into three subgroups: alternative lengthening of telomeres like tumors with a high presence of tumor-associated macrophages and telomerase like tumors with a high presence of tumor-associated macrophages. The third subgroup had no increase in tumor-associated macrophages and may represent a distinct category. The presence of tumorassociated macrophages conferred a worse prognosis with reduced patient survival times (alternative lengthening of telomeres with and without macrophages P = 0.0004, and telomerase with and without macrophages P = 0.013). The immune signatures obtained from RNA-Seq were significantly different between telomere maintenance mechanisms. Alternative lengthening of telomeres like tumors with macrophages had increased expression of interferon-induced proteins with tetratricopeptide repeats (IFIT1-3) . Telomerase-positive tumors with macrophages had increased expression of macrophage receptor with collagenous structure (MARCO), CXCL12 and sushi-repeat containing protein x-linked 2 (SRPX2). Telomerase-positive tumors with macrophages were also associated with a reduced frequency of total/near total resections (44% vs 476% for all other subtypes, P = 0.014). In summary, different immune signatures are found among telomere maintenance mechanism-based subgroups in glioblastoma. The reduced extent of surgical resection of telomerase-positive tumors with macrophages suggests that some tumor-associated macrophages are more unfavorable.
Telomere maintenance is a hallmark of cancer and likely to be targeted in future treatments. In glioblastoma established methods of identifying telomerase and alternative lengthening of telomeres leave a significant proportion of tumors with no defined telomere maintenance mechanism. This study investigated the composition of these tumors using RNA-Seq. Glioblastomas with an indeterminate telomere maintenance mechanism had an increased immune signature compared with alternative lengthening of telomeres and telomerase-positive tumors. Immunohistochemistry for CD163 confirmed that the majority (80%) of tumors with an indeterminate telomere maintenance mechanism had a high presence of tumor-associated macrophages. The RNA-Seq and immunostaining data separated tumors with no defined telomere maintenance mechanism into three subgroups: alternative lengthening of telomeres like tumors with a high presence of tumor-associated macrophages and telomerase like tumors with a high presence of tumor-associated macrophages. The third subgroup had no increase in tumor-associated macrophages and may represent a distinct category. The presence of tumorassociated macrophages conferred a worse prognosis with reduced patient survival times (alternative lengthening of telomeres with and without macrophages P = 0.0004, and telomerase with and without macrophages P = 0.013). The immune signatures obtained from RNA-Seq were significantly different between telomere maintenance mechanisms. Alternative lengthening of telomeres like tumors with macrophages had increased expression of interferon-induced proteins with tetratricopeptide repeats (IFIT1-3). Telomerase-positive tumors with macrophages had increased expression of macrophage receptor with collagenous structure (MARCO), CXCL12 and sushi-repeat containing protein x-linked 2 (SRPX2). Telomerase-positive tumors with macrophages were also associated with a reduced frequency of total/near total resections (44% vs 476% for all other subtypes, P = 0.014). In summary, different immune signatures are found among telomere maintenance mechanism-based subgroups in glioblastoma. The reduced extent of surgical resection of telomerase-positive tumors with macrophages suggests that some tumor-associated macrophages are more unfavorable. With a median survival of approximately 14 months and death almost certain within 2 years of diagnosis the prognosis from glioblastoma is poor. 1 In 2005 an amendment to the standard therapy of surgery and radiotherapy was recommended to include the oral alkylating agent temozolomide based on improved survival, particularly 2-year survival. 1 Future therapies may target a key hallmark of cancerous cells, the telomere maintenance mechanism utilized to maintain limitless proliferation. Approximately 34-47% of glioblastoma maintain telomere lengths using telomerase activity. [2] [3] [4] Telomerase inhibitors decrease glioma cell growth in vitro and in xenograft models, suggesting telomerase inhibitors may work in a clinical setting. 5, 6 The alternative lengthening of telomeres method also maintains telomeres and is found in approximately 11-25% of glioblastoma. 2, 3, 7 Although the exact mechanism that gives rise to alternative lengthening of telomeres is unknown, distinguishing features are long and heterogeneous telomere lengths, and nuclear co-localizations of telomere DNA and the promyelocytic leukemia protein called alternative lengthening of telomere-associated promyelocytic leukemia bodies. [8] [9] [10] [11] Alternative lengthening of telomere-positive tumors are associated with an improved patient survival, despite alternative lengthening of telomere-positive tumors responding poorly to adjuvant therapy. 12 Tumors that are alternative lengthening of telomeres positive are associated with isocitrate dehydrogenase 1 (IDH1) and tumor protein 53 (TP53) mutations, a younger age, and secondary glioblastoma suggesting these tumors fit into the gene expression-based proneural subtype. [2] [3] [4] [12] [13] [14] [15] For a large proportion of glioblastomas (40%) the telomere maintenance mechanism is not known and they have been categorized as having a non-defined telomere maintenance mechanism. 3, 4 It is possible that these tumors do not activate a telomere maintenance mechanism similar to low-grade astrocytomas, 16, 17 or that their telomere maintenance mechanism remains undescribed. [18] [19] [20] Another possibility is that non-defined telomere maintenance mechanism tumors are comprised of telomerase and alternative lengthening of telomere-positive tumors, but complications in assaying telomerase activity and measuring the hallmarks of the alternative lengthening of telomeres mechanism lead to falsenegative results. Many glioblastomas contain a considerable proportion of non-neoplastic cells such as macrophages/microglia (tumor-associated macrophages) that can comprise over 70% of the tumor. [21] [22] [23] [24] [25] Interference of tumor-associated macrophages is illustrated by the improvement in interpretation of MGMT (O-6-methylguanine-DNA methyltransferase) status of glioblastoma using immunohistochemistry. 26 That tumor-associated macrophages obscure the telomere maintenance mechanism is suggested by molecular similarities between glioblastomas classified as having the non-defined telomere maintenance mechanism and those typed as alternative lengthening of telomeres or telomerase positive. Many non-defined telomere maintenance mechanism tumors share similarities with telomerase-positive tumors. The non-defined telomere maintenance mechanism subgroup had a high percentage (71%) that were positive for the embryonic marker paired boxed transcription factor 8 (PAX8) similar to that found in telomerase-positive tumors. 27, 28 In vitro PAX8 upregulates the expression of a key protein in telomerase, hTERT, which increases telomerase activity in glioma cells suggesting PAX8 is associated with telomerase-positive glioblastoma. 29 Telomerase and non-defined telomere maintenance mechanism tumors share other similarities including a similar median patient age, similar overall survival that is poorer compared with alternative lengthening of telomere-positive tumors and infrequent TP53 and IDH1 mutations. [2] [3] [4] Investigated as a single group of non-alternative lengthening of telomeres tumors, non-defined telomere maintenance mechanism and telomerase-positive tumors responded to temozolomide. 12 If non-defined telomere maintenance mechanism tumors are similar to telomerasepositive tumors they may respond to similar therapies such as telomerase inhibitors.
Some glioblastomas with a non-defined telomere maintenance mechanism share properties with alternative lengthening of telomeres tumors, in that they are positive for alternative lengthening of telomere-associated promyelocytic leukemia bodies despite not having clear long and heterogeneous telomere lengths. This suggests that some of the non-defined telomere maintenance group is comprised of tumors with prealternative lengthening of telomeres or masked-alternative lengthening of telomeres phenotype. 16 In addition, non-defined telomere maintenance mechanism tumors with TP53 mutations showed a trend toward increased patient survival. 2 Improved patient survival associated with TP53 mutations was found for alternative lengthening of telomeres tumors, but TP53 mutations in telomerasepositive tumors were associated with poor patient survival. 2 In combination with RNA-Seq we report that glioblastomas with a non-defined telomere maintenance mechanism are comprised of three distinct subgroups, each with a poor patient prognosis. Two of these subgroups have high infiltrates of tumorassociated macrophages.
Materials and methods

Tumor Samples
Brain tumors were obtained from patients who attended neurosurgical units in Dunedin and Christchurch in New Zealand from 2002 to 2012. One hundred and thirty-six tumors were selected from the New Zealand brain tumor study cohort. The selection criteria were a diagnosis of glioblastoma, the first tumor obtained, patients who had surgery only, surgery and radiotherapy, or surgery, radiotherapy and temozolomide (completed course of six cycles of adjuvant treatment), and patients with completed clinical information. The cohort was biased toward alternative lengthening of telomerespositive tumors, in which all alternative lengthening of telomeres-positive tumors from a total cohort of 300 glioblastomas were included and 107 non-defined telomere maintenance mechanism and telomerase tumors were chosen at random from the total cohort. National ethics committees approved the study (MEC/08/02/016/AM01) and all patients provided written informed consent.
The criterion for an alternative lengthening of telomeres-positive tumor was the presence of alternative lengthening of telomeres-associated promyelocytic leukemia bodies plus long heterogeneous telomere lengths using the terminal restriction fragment length assay (n = 29). Telomerase-positive tumors included 50 cases that were positive for telomerase enzyme activity by the telomeric repeat amplification protocol assay. The non-defined telomere maintenance mechanism group comprised of 61 cases. All non-defined telomere maintenance mechanism tumors were negative for telomerase activity using the telomeric repeat amplification protocol assay criteria and did not have long and heterogeneous telomere lengths. Nine were positive and 52 negative for alternative lengthening of telomeres-associated promyelocytic leukemia bodies.
Immunohistochemistry
Tissue sections from paraffin-embedded material were subjected to heat-mediated antigen retrieval. The CD163 and PAX8 staining was performed twice so that two different antibodies were used: CD163 (EPR14643, Abcam, Cambridge, UK; and Novocastra 10D6; Leica Biosystems, Wetzlar, Germany) and PAX8 (MRQ-50; Cell Marque, Rocklin, CA, USA and BC12; Biocare Medical, Concord, CA, USA). MGMT staining used the MT3.1 primary antibody (Abcam). Positive cells were detected using EDL (Dako, Glostrup, Denmark) and DAB. For PAX8 and MGMT staining positive cells were counted in at least 10 high-powered fields (×400 magnification) using the Aperio Scancope CS digital pathology system (Aperio, Vista, CA, USA), and the percentage of positive cells per total cells was measured.
For CD163 staining two sections from two tissue blocks per tumor were analyzed by three blinded examiners. Stained slides were evaluated using the Aperio Scancope CS digital pathology system (Aperio), and the percentage of positive cells per total cells was measured. Eleven fields at random were chosen at x400 magnification, and the percentage of CD163 cells was measured per field. The fields with the lowest and highest percentages were eliminated and the median percentage of macrophages from the remaining fields was given a score (0-3) based on the percent positive cells: 0 (0-15%), 1 (16-20%), 2 (21-35%), and 3 (435%). Tumors with a high tumor-associated macrophage content were defined as those with a score of 3 on both tissue sections from both antibodies and from all examiners. Tumors with a low tumor-associated macrophage content were defined as those with a score of 0-2 on both tissue sections from all examiners. For equivocal cases a third tissue section from a third tissue block was analyzed and the median score from the three sections was used. For equivocal cases without a third tissue block the score representing the mean percentage of positive cells was used.
For PAX8 staining a positive tumor was defined as a tumor with 430% of positive cells. 28 MGMT was investigated using double staining alongside CD163 staining and used the MACH 2 Double Stain 2 Kit (Biocare Medical). The alkaline phosphatase secondary antibody was detected using Fast Red (Biocare Medical) and the HRP labeled secondary was labeled using DAB. MGMT-positive tumors had 450% of malignant cells MGMT positive. At least three independent examiners (NH (anatomical pathologist), RE, SK, KH or TS) scored each slide in a blinded manner.
Alternative Lengthening of Telomeres-Associated Promyelocytic Leukemia Body Measurement
Measurement of co-localized bodies of the promyelocytic leukemia protein and telomere DNA, in cellular nuclei, was performed on paraffinembedded tumors according to the alternative lengthening of telomeres-associated promyelocytic leukemia body assay described previously. 4, 9 Briefly the promyelocytic leukemia protein was detected using a goat antipromyelocytic leukemia antibody (N-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and telomere DNA was detected by fluorescence in situ hybridization with a Cy3-labeled PNA probe (Applied Biosystems, Framingham, MA, USA). Cellular nuclei were stained using 4,6-diamidino-2-phenylindole. Cells were imaged using confocal microscopy (Zeiss LSM510; Carl Zeiss, Thornwood, NY, USA), and images were analyzed by Zeiss LSM Image Examiner software version 3.2.0.115 (Carl Zeiss). Tumors were alternative lengthening of telomeres-associated promyelocytic leukemia body positive when co-localized promyelocytic leukemia protein/telomeres-DNA fluorescent signals were present in at least 5% of cells. Criteria for alternative lengthening of telomere-associated promyelocytic leukemia bodies also included a large size (40.9 μm) and co-localizations in sharp focus with a clear peak signal. 4, 9 Telomere Length and Telomerase Activity Analyses Telomerase activity in tumors was detected using the telomerase repeat amplification protocol PCR based assay, 4, 30 and used the TeloTAGGG Telomerase PCR ELISA Plus Kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. The analysis of telomere length was made by the terminal restriction fragment length assay and used the TeloTAGGG Telomere Length Assay Kit (Roche Applied Science) according to the manufacturer's instructions. The criteria for alternative lengthening of telomeres by terminal restriction fragment length was that previously described (mean terminal restriction fragment length 416 kb, with a wide range in terminal restriction fragment lengths o 3 to 450 kb). 4 The terminal restriction fragment length and telomeric repeat amplification protocol assays were performed on frozen tumor samples.
RNA-Seq
A set of 12 glioblastoma (including seven non-defined telomere maintenance mechanism, two alternative lengthening of telomeres and three telomerase-positive tumors) and one telomerasepositive grade 3 oligodendroglioma were analyzed for gene expression using RNA-seq. Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Limburg, The Netherlands) and submitted for RNA sequencing (transcriptome) using the Illumina HiSeq 2000 (San Diego, CA, USA) at BGI Tech solutions (Tai Po, Hong Kong). mRNA was enriched using magnetic beads with oligo(dT), mRNA was fragmented and cDNA synthesized. Suitable sized fragments were selected using agarose gel electrophoresis and amplified using PCR. The quantity and quality of the sample libraries were evaluated using the 2100 Agilent Bioanaylzer (Agilent Technologies, Santa Clara, CA, USA) and ABI StepOnePlus Real-Time System (Life Technologies, Carlsbad, CA, USA) prior to sequencing. The bioinformatics analysis was also performed by BGI Tech solutions. Clean reads (at least 4G) were aligned to a human reference (ftp://ftp.ncbi.nih.gov/refseq/H_sapiens/mRNA_ Prot/human.rna.fna.gz) sequence using SOA aligner/ SOAP2. 31 Information provided included gene coverage and coverage depth. Alignment results that passed quality control proceeded to downstream analyses. The transcriptional levels of annotated genes are represented as fragments per kilobase of transcript per million mapped reads. Differential expression analysis between tumors was analyzed using Gene Ontology (GO) enrichment and Pathway enrichment (KEGG) analysis.
Quantitative PCR
Total RNA (500 ng) was extracted using Trizol DNase-treated, and cDNA synthesized using oligo-dT primers and SuperScriptIII (Life Technologies). Quantitative real-time PCR reactions were performed in triplicate using an ABI 7300 Real-Time PCR System and SYBR Green PCR Master Mix (Life Technologies). The comparative C T method was used for the comparative quantification of gene expression, with results from each time point normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and expressed as the fold difference over that in human brain (Clontech, Takara Bio, Otsu, Japan). Primer sequences were those reported previously. [32] [33] [34] [35] Western Blotting
Equal amounts of each protein lysate were separated on 4-12% NuPAGE Novex Bis-Tris Mini Gels (Life Technologies). Blots were incubated with a CD163 antibody (EPR14643; Abcam). Alkaline phosphatase secondary antibodies were detected using the WesternBreeze Chemiluminescent Kit detection system according to the manufacturer's instructions (Life Technologies), and images were captured on X-ray film.
Statistical Analysis
RNA-Seq and quantitative PCR data are expressed as the mean and s.d. For comparison of RNA-Seq data between tumor subgroups, mean fragments per kilobase of transcript per million mapped reads values were compared using independent t-tests. The false discovery rate was controlled by adjusting the P-values using the Benjamini-Hochberg algorithm (false discovery rate-adjusted P-value o 0.05 was taken as a significant difference). Differences in quantitative PCR were investigated using one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test, using GraphPad Prism software version 6.00 for Macintosh (GraphPad Software, San Diego, CA, USA). The frequency of tumor-associated macrophages among glioblastoma subgroups was investigated using the χ 2 test. Kaplan Meier survival curves were compared between groups using the log-rank test using SPSS version 22 software, with P-values corrected for multiple comparisons using the Bonferroni correction. P o 0.05 was considered statistically significant.
Results
RNA-Seq Identified an Immune Signature in NonDefined Telomere Maintenance Mechanism Tumors
Representative tumors from the non-defined telomere maintenance mechanism subgroup were sequenced using RNA-Seq. The tumors sequenced included four non-defined telomere maintenance mechanism tumors that were negative and three that were positive for alternative lengthening of telomeresassociated promyelocytic leukemia bodies. Two alternative lengthening of telomeres glioblastomas, three telomerase-positive glioblastomas, and one grade 3 oligodendroglioma that was telomerase positive were also analyzed using RNA-seq for comparison. An analysis of gene expression differences between tumors with the non-defined telomere maintenance and other telomerase maintenance mechanisms using the Gene Ontology process database revealed immune signature pathways in the top 10 Gene Ontology terms altered. Immune system process (GO:0002376) was the third ranked Gene Ontology terms altered following system development (GO:0048731) and multicellular organismal development (GO:0007275). The top 10 Gene Ontology terms altered also included immune system process (GO:0002376) and regulation of immune system process (GO:0002682). An analysis of differentially expressed genes in non-defined telomere maintenance mechanism tumors identified many immune-based pathways including leukocyte trans-endothelial migration, hematopoietic cell lineage, and complement and coagulation cascades.
Of the immune cells present in glioblastoma antigen-presenting cells are the most difficult to definitively distinguish from malignant cells using morphology alone. Eight markers associated with macrophages and other antigen-presenting cells including CD163, CD68, CD14, MSRI (macrophage scavenger receptor 1), HLA-DRA, HLA-DRB1, HLA-DPB1, and FCGR2A were selected and relative expression of each transcript (fragments per kilobase of transcript per million mapped reads values) compared between non-defined telomere maintenance mechanism and telomerase plus alternative lengthening of telomeres tumors combined. Non-defined telomere maintenance mechanism tumors had increased expression of each marker ( Figure 1a , six markers false discovery rate-adjusted P-values o 0.01, and two markers false discovery rate-adjusted P-values o0.05). Non-defined telomere maintenance mechanism tumors also had increased expression of chemokines by macrophages (CXCL8), monocyte chemotactic proteins (CCL2), hematopoietic transcription factor (Spi-1 proto-oncogene, SPI1), and regulators of antigen presentation (CD74), false discovery rate-adjusted P-values o 0.05; Figure 1b) . Consistent with an increased immune signature many genes involved in the complement cascade were increased in non-defined telomere maintenance mechanism compared with telomerase plus alternative lengthening of telomeres tumors (Supplementary Figure S1) . Expression data (fragments per kilobase of transcript per million mapped reads values) for a greater list of immune and other differentially expressed genes of interest for individual tumors are given in Supplementary Table S1 .
Non-Defined Telomere Maintenance Mechanism Glioblastoma had Increased CD163-Positive Tumor-Associated Macrophages
The RNA-Seq data suggested that non-defined telomere maintenance mechanism tumors have increased numbers of antigen-presenting cells compared with alternative lengthening of telomeres and telomerase-positive tumors. To further Figure 1 Increased antigen-presenting cell expression in non-defined telomere maintenance mechanism (NDTMM) glioblastoma from RNA-Seq data. Glioblastomas with different telomere maintenance mechanisms were sequenced using RNA-Seq. (a) NDTMM tumors had increased expression of selected antigen-presenting cell markers compared with telomerase (TEL) and alternative lengthening of telomeres (ALT) glioblastoma. (b) NDTMM had increased gene expression for chemokines produced by macrophages (CXCL8), monocyte recruitment (CCL2), transcription factor that activates gene expression during myeloid development (Spi-1 Proto-Oncogene, SPI1), and chaperone that regulates antigen presentation for the immune response (CD74) compared with alternative lengthening of telomeres (ALT) and telomerase (TEL) glioblastoma. *The false discovery rate-adjusted P-value o0.05; **The false discovery rate-adjusted P-value o0.01. Error bars, mean ± s.d.; FPKM, fragments per kilobase of transcript per million mapped reads.
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Immune signatures in glioblastoma investigate this, the haptoglobin-hemoglobin (Hp-Hv) complex receptor, CD163, was selected for immunohistochemisty as it was increased in non-defined telomere maintenance mechanism tumors by RNA-Seq. The CD163 marker is also exclusively expressed on cells of monocyte/macrophage lineage and activated microglia, and is a key marker of M2 macrophages thought to promote tumorigenesis in glioblastoma. 25, [36] [37] [38] A high content of CD163-positive cells was identified in 36% (49/136) of glioblastoma using immunohistochemistry. In relation to telomere maintenance mechanism subtype, a high content of CD163-positive cells were found in 79% (45/57) of the non-defined telomere maintenance mechanism group, 2% (1/50) of telomerase-positive tumors, and 14% (4/29) of alternative lengthening of telomeres-positive tumors (P o 0.0001, non-defined telomere maintenance mechanism compared with alternative lengthening of telomeres and telomerase-positive tumors).
All non-defined telomere maintenance mechanism tumors positive for alternative lengthening of telomeres-associated promyelocytic leukemia bodies, but negative for long and heterogeneous telomere lengths had an increased content of tumor-associated macrophages. This suggested that the increased tumor-associated macrophages in non-defined telomere maintenance mechanism tumors may affect the assignment of the alternative lengthening of telomeres telomere maintenance mechanism using the terminal restriction fragment length assay. The assignment of telomerase activity may also be affected with an increased content of tumorassociated macrophages. Expression of hTERT was increased in non-defined telomere maintenance mechanism tumors without alternative lengthening of telomere-associated promyelocytic leukemia bodies (fragments per kilobase of transcript per million mapped reads 0.18, 0.17, 0.35, 0.84) compared with alternative lengthening of telomeres and non-defined telomere maintenance mechanism tumors with alternative lengthening of telomeresassociated promyelocytic leukemia bodies (hTERT, fragments per kilobase of transcript per million mapped reads values ≤ 0.001; Supplementary Table  S1 ). All non-defined telomere maintenance mechanism tumors without alternative lengthening of telomeres-associated promyelocytic leukemia bodies were positive for PAX8 using immunohistochemistry (data not shown) consistent with a previous report in which non-defined telomere maintenance mechanism tumors were predominantly PAX8 positive. 28 The increased hTERT by RNA-Seq and the PAX8-positive status of these tumors suggest non-defined telomere maintenance mechanism tumors with tumor-associated macrophages, but without alternative lengthening of telomeresassociated promyelocytic leukemia bodies, may have malignant cells that are telomerase positive. However, this was not directly assessed.
Further evidence that telomerase positive and nondefined telomere maintenance mechanism tumors without alternative lengthening of telomeresassociated promyelocytic leukemia bodies may be similar was evident from the RNA-Seq data (Supplementary Figure S2) . Both tumor types had increased expression of PLK2 (polo-like kinase 2), PARVA (parvin alpha), MSN (moesin), MT1L (metallothionein 1, gene/pseudogne), MT1M (metallothionein 1M), CA9 (carbonic anhydrase IX), and MEOX2 (mesenchyme homeobox 2).
Based on the assumption that the presence of increased numbers of tumor-associated macrophages would affect the assignment of telomere maintenance mechanisms by telomeric repeat amplification protocol assay or terminal restriction fragment length measurements the remainder of the study investigated clinico-demographic and other differences based on five alternative telomere maintenance subgroups as defined by molecular markers. The new subgroups were based on whether the tumor was alternative lengthening of telomeres or non-alternative lengthening of telomeres positive, and whether the tumor had a high or low content of tumor-associated macrophages. These groups were: alternative lengthening of telomeres, for an alternative lengthening of telomeresassociated promyelocytic leukemia body positive tumor with a low content of CD163-positive cells; alternative lengthening of telomeres with macrophages, for an alternative lengthening of telomeres-associated promyelocytic leukemia body positive tumor with a high content of CD163-positive cells; telomerase positive for an hTERT and telomerase-positive tumor with a low content of CD163-positive cells; and telomerase positive with macrophages for a non-defined telomere maintenance mechanism tumor with hTERT and a high content of CD163-positive cells. These four groups encompassed 124 of the original 136 (91%) glioblastomas used in this study. The fifth group contained 12 non-defined telomere maintenance mechanism tumors with a low content of macrophages (non-defined telomere maintenance mechanism-revised).
The increased amount of CD163-positive cells in alternative lengthening of telomeres with macrophages compared with alternative lengthening of telomeres tumors is shown in Figure 2a and b, and that for telomerase with macrophages compared with telomerase tumors in Figure 3a and b. Western blotting was used to confirm increased CD163 protein in alternative lengthening of telomeres with macrophages and telomerase with macrophages tumors compared with alternative lengthening of telomeres and telomerase (alternative lengthening of telomeres with macrophages and alternative lengthening of telomeres data not shown, telomerase with macrophages and telomerase-positive tumors; Figure 3c ). 
Alternative Lengthening of Telomeres with Macrophages and Telomerase with Macrophages were Associated with Poorer Patient Survival
The clinico-demographic features associated with the five glioblastoma subgroups are given in Table 1 . No difference in patient age was found between alternative lengthening of telomeres and alternative lengthening of telomeres with macrophages, or telomerase and telomerase with macrophages subgroups. However, patient age was significantly decreased in alternative lengthening of telomeres and alternative lengthening of telomeres with macrophages compared with telomerase and telomerase with macrophages. This is consistent with a younger age for those with alternative lengthening of telomere-positive tumors. 3 The alternative lengthening of telomeres with macrophages group had a median survival of 7.66 months (95% CI, 6.78-8.54) that was reduced compared with the 18 months median survival of the alternative lengthening of telomeres group (95% CI, 14.41-21.59; P = 0.0004; Figure 2c ). The telomerase with macrophages group had a median survival of 6.05 months (95% CI, 5.22-6.88) that was reduced compared with the 11 months median survival of the telomerase group (95% CI, 9.43-12.57; P = 0.013; Figure 3d ).
Survival for those with alternative lengthening of telomeres and alternative lengthening of telomeres with macrophages tumors had no significant effect on overall survival with radiotherapy (risk ratio, 0.42; 95% CI, 6.78-8.54; P = 0.1) or temozolomide treatment (risk ratio, 0.55; 95% CI, 0.27-1.14; P = 0.44). Survival for those with telomerase and telomerase with macrophages tumors had a significant effect on overall survival with radiotherapy (risk ratio, 0.11; 95% CI, 0.05-0.24; P o 0.0001) and temozolomide treatment (risk ratio, 0.42; 95% CI, 0.26-0.79; P = 0.021). Greater than 24-month survival occurred for 13 individuals, all had either the alternative lengthening of telomeres subtype (n = 7) or the telomerase subtype (n = 6).
The extent of surgical resection could have contributed to the poorer outcome in the telomerase with macrophages subgroup. Fifty-five percent of the telomerase with macrophages group had only a partial resection or biopsy compared with 20% of telomerase, 23% of alternative lengthening of telomeres with macrophages, and 21% of alternative lengthening of telomeres subtype (P = 0.014). The location of the tumor was associated with survival for the telomerase group with poorer survival associated with tumors in the occipital and parietal lobe compared with tumors in the frontal and temporal lobe (P = 0.027, median survival 10 vs 12.2 months).
The non-defined telomere maintenance mechanism-revised group had the poorest median survival (3.7 months). These tumors were not represented in the RNA-Seq analysis. An analysis of other markers tested in the cohort revealed all these tumors were MGMT positive (Supplementary Figure S3) .
Differences in Immune Signature Existed Between Alternative Lengthening of Telomeres with Macrophages and Telomerase with Macrophages Tumors
Differences between the immune signatures of alternative lengthening of telomeres with macrophages and telomerase with macrophages tumors were investigated. In the RNA-Seq data alternative Table S1 ). Increased IFIT1, IFIT2, and IFIT3 in telomerase with macrophages compared with the other subgroups was confirmed using real-time quantitative PCR (P o 0.001; Figure 4a ). The immune signature was strongest in telomerase with macrophages tumors in relation to the number of genes increased (Supplementary Table S1 ) and these included CCL18, CXCL2, CXCL12, CXCL14, MARCO, SAA1 (serum amyloid A), TLR (tol1-like receptor) 1, TLR4, TLR5, TLR6, TLR, and SRPX2. For the telomerase with macrophages group expression levels of three genes, MARCO, SRPX2, and CXCL12, were confirmed by quantitative PCR. All three genes were increased in telomerase with macrophages compared with the other subgroups (P o 0.001; Figure 4b ).
Discussion
This study has shown for the first time that the majority of glioblastomas without a defined telomere maintenance mechanism contain a high content of tumor-associated macrophages. This has led us to propose that an increased tumor-associated macrophage content affects attempts to identify alternative lengthening of telomeres and telomerase activity.
Defined markers, based on the results from RNA-seq, allowed us to reclassify the non-defined telomere maintenance mechanisms into three subgroups. One subgroup, alternative lengthening of telomeres with macrophages, contained alternative lengthening of telomeres like tumors with increased numbers of macrophages. The second subgroup, telomerase with macrophages, contained telomerase like tumors with increased macrophages. The third subgroup may represent a true non-defined telomere maintenance mechanism group with low numbers of macrophages and for which a telomere maintenance mechanism has not been described. This study also identified differences in the immune signature between alternative lengthening of telomeres with macrophages and telomerase with macrophages tumors, suggesting different tumor-associated macrophages may associate with different telomere maintenance mechanisms in glioblastoma.
An increased content of tumor-associated macrophages is associated with poorer prognosis in many cancers, 39 and increased tumor-associated macrophages contribute to a poorer outcome from high-grade glioma. 25, 40 Many properties of tumorassociated macrophages promote tumorigenesis. Invasion of glioma-like stem cells is enhanced by tumor-associated macrophages, 41 and increased IL-10 from tumor-associated macrophages increases glioma cell proliferation. 42 An added issue with tumor-associated macrophages is their lack of phagocytic and antigen-presenting activities and their inability to produce an effective immune Real-time quantitative PCR confirmed telomerase with macrophages tumors had increased expression of the scavenger receptor macrophage receptor with collagenous structure (MARCO), sushirepeat containing protein, X-linked 2 (SRPX2), and CXCL12 compared with ALTM, TEL, and ALT tumors. Results mean, with the highest and lowest values included. ***P o0.001; ****P o0.0001. Tumor subgroups: ALT, an alternative lengthening of telomeres-associated promyelocytic leukemia body positive tumor with a low content of tumor-associated macrophages; ALTM, an alternative lengthening of telomeres-associated promyelocytic leukemia body positive tumor with a high content of tumor-associated macrophages; TEL a telomerase-positive tumor with a low content of tumor-associated macrophages; TELM, non-defined telomere maintenance mechanism tumor without alternative lengthening of telomeres-associated promyelocytic leukemia bodies that is potentially telomerase positive with a high content of tumor-associated macrophages.
activation against malignant cells, 43-45 consistent with a role for tumor-associated macrophages in promoting rather than impairing tumor development. A significant contributing factor to the pro-tumorigenic function of tumor-associated macrophages is their strong M2 'alternatively activated macrophage' characteristics. 25, 46 Co-transplantation of M2 tumor-associated macrophages and glioma stem cells enhanced glioma cell growth. 38 In the current study the increased CD163-positive tumor-associated macrophages in alternative lengthening of telomeres with macrophages and telomerase with macrophages was consistent with these tumors containing an increased content of M2 macrophages. The M2 immune signature appears strongest in the telomerase with macrophages subgroup with enhanced M2 markers including CXCL12 and MARCO, which were absent in alternative lengthening of telomeres with macrophages tumors. To the best of our knowledge MARCO has not been investigated in tumor-associated macrophages in glioblastoma. The MARCO receptor binds environmental particles, bacteria, and oxidized lipids. 33, [47] [48] [49] The absence of MARCO leads to an increased inflammatory response suggesting MARCO modulates the immune response. 50, 51 In lung alveolar macrophages increased MARCO expression polarized lung alveolar macrophages toward a profibrotic M2 phenotype. 52 However, MARCO does not exclusively exist on M2 macrophages being associated with M1 and dendritic cell activation. [53] [54] [55] Increased CXCL12 promotes neo-angiogenesis, and supported by increased expression of SRPX2, may also mediate angiogenesis providing further evidence that tumorassociated macrophages in telomerase with macrophages are more tumor-promoting compared with those in alternative lengthening of telomeres with macrophages. 56, 57 Telomerase with macrophage tumors were associated with a reduced extent of surgical resection, suggesting tumor-associated macrophages in telomerase with macrophages are more infiltrative and thus damaging.
Tumor-associated macrophages contribute to resistance to radiotherapy and chemotherapy. 58 In the current study an association with improved survival was not found with the addition of temozolomide for those with alternative lengthening of telomerepositive tumors making it difficult to ascertain if the presence of tumor associated with macrophages in alternative lengthening of telomeres with macrophages tumors contributed to treatment resistance. Prior to the introduction of temozolomide those with telomerase positive and non-defined telomere maintenance mechanism tumors had similar overall survival that was poorer in comparison to those with alternative lengthening of telomeres-positive tumors. 3 Although telomerase and telomerase with macrophages tumors were both associated with improved survival with temozolomide, the advantages of temozolomide may be greatest for those without a high content of tumor-associated macrophages, particularly longer-term survival. Prior to temozolomide treatment, patients surviving longer than 2 years were solely comprised of those with alternative lengthening of telomeres-positive tumors. 3 This is no longer the case as individuals with telomerase tumors achieve longer-term survival with temolozomide treatment. Despite the introduction of temolozomide longer-term survival has not emerged for those with telomerase with macrophages tumors. However, the reduced frequency of total/near total resections in telomerase with macrophages tumors may be a contributing factor to a poorer response to temozolomide. According to Geisenberger et al, 59 long-term survivors had an M1 macrophage compared with short-term survivors that had an M2 macrophage gene signature. 59 In additional to an altered immune signature, the same study found that long-term survivors were distinguished by a concurrent gain of chromosomes 19 and 20. 59 Targeting M2 macrophages by removing them or switching them to a proinflammatory phenotype are potential new strategies for treatment. In mouse models of cervical and mammary tumors inhibition of the colony-stimulating factor 1 receptor (CSF-1R) decreased tumor-associated macrophages and enhanced tumor infiltration of cytotoxic T cells sufficient to inhibit tumor growth. 60 Treatment of proneural glioblastoma with a CSF-1R inhibitor reduced M2 macrophages and tumor growth in xenografts. 61 Reducing tumor-associated macrophages in telomerase with macrophages tumors may produce an improved sensitivity to temozolomide. This assumption is stronger if the malignant cells in telomerase and telomerase with macrophage tumors are also similar. Based on results from the current and previous studies this appears to be the case. The majority of telomerase and telomerase with macrophages tumors are PAX8 positive. 28 Considering PAX8 enhances telomerase activity, telomerase with macrophages tumors would be expected to be telomerase positive. 29 An increased content of nonmalignant cells provided by tumor-associated macrophages provides one explanation for why telomerase activity was not detected in telomerase with macrophages tumors.
Consistent with telomerase with macrophages being telomerase positive, increased hTERT expression was found using RNA-Seq compared with alternative lengthening of telomeres and alternative lengthening of telomeres with macrophages tumors. However, the values to estimate the expression of hTERT were low (o 1) in telomerase with macrophages tumors. In telomerase-positive cell lines only a few copies of hTERT may be found and there is a correlation between telomerase activity and hTERT. 62 Telomerase activity is also present in activated lymphocytes, so the increased hTERT in telomerase with macrophages may reflect nonmalignant cell activity. 63 If this were the case hTERT would be expected to be increased in alternative lengthening of telomeres and alternative lengthening of telomeres with macrophages tumors wherein lymphocytes are occasionally found. Independent functions for hTERT exist, so the increased hTERT in telomerase with macrophages may not be associated with telomerase activity. 64 Telomerase and telomerase with macrophages tumors had increased expression of other genes in comparison with alternative lengthening of telomeres and alternative lengthening of telomeres with macrophages tumors including genes involved in mineral absorption (MTIL, MTIM) and others (MSN, MEOX2, PARVA, PLK2, and CA9). However, telomerase tumors had increased expression of numerous HOX genes that were not found for telomerase with macrophages tumors (Supplementary Table S1 ). A greater comparison of the malignant cells in telomerase and telomerase with macrophages could be possible with the removal of tumor-associated macrophages to increase the proportion of malignant cells. This approach could also directly associate telomerase activity with telomerase with macrophages tumors.
In glioblastoma tumor-associated macrophages could originate from resistant microglia or from monocytes recruited from peripheral blood. 38, 65, 66 Recent evidence suggests that the majority of tumor associated with macrophages in glioblastoma originate from peripheral monocytes in response to periostin (POSTN) produced from glioma stem cells. 38 The immune signature in telomerase with macrophages and alternative lengthening of telomeres with macrophages showed distinctive differences, suggesting different subtypes of glioblastoma have different tumor-associated macrophages. Whether the tumor-associated macrophages in telomerase with macrophages and alternative lengthening of telomeres with macrophages tumors have the same origin is unknown. Alternative lengthening of telomeres with macrophages tumors are infrequent compared with telomerase with macrophages so they may not be captured in other studies.
Alternative lengthening of telomeres with macrophages tumors had increased expression of three of the four IFIT family genes. The reason for these genes being increased in an immune signature associated with alternative lengthening of telomeres is not obvious. The IFIT genes are interferon response genes best known for their increased expression following viral infection where they are thought to have immuno-modulatory activity. 67, 68 These genes are also increased in response to other stimuli including interferon treatment, pathogen-associated molecular pattern (PAM) recognition, and retinoic acid. 67, 69 Although most cells do no express IFIT genes without stimuli, subsets of myeloid cells may ubiquitously express IFIT genes and these subsets may infiltrate alternative lengthening of telomeres with macrophages tumors. 70 Whether increased tumor associated macrophages represent an advanced stage in the development of alternative lengthening of telomeres and telomerase tumors remains to be determined. A comparison of methylation levels in initial and recurrent tumors found an enrichment of macrophage activation genes in recurrent tumors, suggesting modulation of immune genes occurs in glioma progression. 71 In the genome-based subtypes described by Phillips et al in 2006, 13 it was proposed that the proneural and classical gliomas could progress to mesenchymal tumors. However, in the genome subtypes proposed by Verhaak et al in 2010 (ref. 14) recurrent tumors were the same subtype as the initial tumors suggesting tumor subtypes do not progress from one to another.
In the current study cohort seven individuals had recurrent tumors removed. The recurrent tumors comprised of three alternative lengthening of telomeres, four telomerase, and one telomerase with macrophages tumors. All recurrent tumors were the same subgroup as the initial tumor. However, with the exception of the telomerase with macrophages tumor, all tumors were from longer-term survivors with the recurrent tumor removed at least 1 year following the removal of the initial tumor. It is possible that tumors from longer-term survivors have mechanisms that prevent a large infiltration of tumor associated macrophages.
Glioblastomas that are alternative lengthening of telomeres positive are associated with IDH1 and TP53 mutations. 2, 4, 12 If alternative lengthening of telomeres with macrophages were a progression from alternative lengthening of telomeres tumor a similar frequency of IDH1 and TP53 mutations would be expected. Only 15% of the alternative lengthening of telomeres with macrophages group contained IDH1 mutations in contrast to 60% of the alternative lengthening of telomeres group, suggesting alternative lengthening of telomeres with macrophages is not a progression from alternative lengthening of telomeres. The difference in TP53 mutations was not significantly different (46% of the alternative lengthening of telomeres with macrophages group had mutant TP53 compared with 58% of the alternative lengthening of telomeres group). An increased content of tumor-associated macrophages may have affected the sensitivity for identifying TP53 and IDH1 mutations by DNA sequencing. Telomerase with macrophages and telomerase tumors had increased expression of the stable hypoxia marker CA9. 72 Hypoxia is one factor that may recruit tumor associated macrophages. 73 Therefore it is possible that hypoxia occurs first in telomerase glioblastomas leading to the increased recruitment of tumor associated macrophages.
The current study selected for an increased content of infiltrating macrophages that was uniformly distributed. Therefore a high content of tumor-associated macrophages limited to a small area of the tumor would not be accounted for in the current study and may still be important in predicting patient survival. Increased tumor-associated macrophages did not account for poor prognosis for all glioblastomas. The subset of non-defined telomere maintenance mechanism tumors without increased tumor-associated macrophages (non-defined telomere maintenance mechanism-revised) was associated with the worst median survival (3.7 months). These tumors are alternative lengthening of telomeres and telomerase activity negative, and MGMT positive. Greater detail on the molecular composition of these tumors is unknown as none of these tumors were represented in the RNA-Seq analysis. It is yet to be determined if these tumors have no telomere maintenance mechanisms or a third mechanism.
In summary, different immune signatures were present in alternative lengthening of telomeres and telomerase tumors, suggesting tumor-associated macrophages are different among tumor subtypes. An increased content of tumor-associated macrophages in alternative lengthening of telomeres and telomerase tumors could explain why previous attempts did not attribute a telomere maintenance mechanism to a significant proportion of glioblastomas. A high content of tumor-associated macrophages is associated with a poorer prognosis among telomere maintenance subtypes, and in telomerase tumors associated with a poorer surgical resection. New strategies that target tumor-associated macrophages may improve survival for different subgroups of glioblastoma.
